By evolving bilaterally separated shell plates, bivalves acquired a unique body plan in which their soft tissues are completely protected by hard shell plates. In this unique body plan, mobility between the separated shell plates is provided by novel structures such as a ligament and adductor muscles. As a first step towards understanding how the bivalve body plan was established, we investigated the development of the separated shell plates and ligament. Over 100 years ago, it was hypothesized that the development of separated shell plates is tightly linked with the unique cell cleavage (division) pattern of bivalves during development, wherein each bilateral daughter cell of the 2d descendant 2d
By evolving bilaterally separated shell plates, bivalves acquired a unique body plan in which their soft tissues are completely protected by hard shell plates. In this unique body plan, mobility between the separated shell plates is provided by novel structures such as a ligament and adductor muscles. As a first step towards understanding how the bivalve body plan was established, we investigated the development of the separated shell plates and ligament. Over 100 years ago, it was hypothesized that the development of separated shell plates is tightly linked with the unique cell cleavage (division) pattern of bivalves during development, wherein each bilateral daughter cell of the 2d descendant 2d
1121 develops into one of the bilateral shell fields. In this study, we tested this hypothesis by tracing the cell lineages of the Japanese purple mussel Septifer virgatus. Although the shell fields were found to be exclusively derived from the bilateral descendant cells of 2d: 2d 11211 and 2d
11212
, the descendants of these cells were not restricted to shell fields alone, nor were they confined to the left or right side of the shell field based on their lineage. Our study demonstrated that ligament cells are also derived from 2d 11211 and 2d
Introduction
Molluscs share several characteristic features, such as calcareous shells (or spicules) and a muscular foot. However, their body plans are highly variable, as demonstrated by the differences between the worm-like, shell-less Aplacophora and the highly motile Cephalopoda. With the development of bilaterally separated shell plates, bivalves evolved a unique body plan in which their soft tissue is completely protected by hard shell plates. The muscle system was rearranged to accommodate the evolution of this shell plate morphology, resulting in another evolutionary novelty, the adductor muscle, which controls the opening and closing of the shell plates. Determining how this unique bivalve body plan was achieved through the coordinated evolution of shell plate morphology and muscles is challenging. To address this question ,we first investigated how the bilaterally separated shell plates developed through the modification of shell development. Over 100 years ago, Lillie [1] and Meisenheimer [2] reported a pattern of spiral cleavage in bivalves. Most molluscan species exhibit spiral cleavage, wherein the animal blastomeres are smaller than the vegetal blastomeres. However, the dorsal vegetal blastomeres (1D) produce a larger animal blastomere (2d) in bivalves from the eight-cell stage to the 16-cell stage [3, 4] . This animal blastomere is thought to be the precursor of the shell field cells, which underlie shell plates [1, 2] . After four rounds of asymmetric cleavage, the largest blastomere (2d 1121 ) exhibits bilateral cleavage (figure 1a-e), and the bilateral daughter cells were suggested to differentiate into the left and right shell field cells of their respective side [1] . This hypothesis suggests that development of the novel shell plate morphology was driven by a modification of the early cleavage pattern. However, it was based solely on microscopic observations and experimental validation is required through direct cell lineage tracing.
It is also notable that bivalves show a stereotypic pattern of spiral cleavage prior to the occurrence of bilateral cleavage. The largest blastomere, 2d, undergoes four rounds of asymmetric spiral cleavage prior to the bilateral cell division (figure 1a-e). The first two rounds of asymmetric cleavage give rise to two smaller vegetal blastomeres, 2d 2 and 2d
12
, and a larger animal blastomere, 2d 11 (figure 1a,b). When 2d 11 divides the polarity is reversed, and a smaller animal blastomere (2d
111
) and a larger vegetal blastomere (2d In this study, we investigated how this series of cleavages is linked with the development of the unique morphology of bivalves. Focusing on the shell field precursors in bivalve embryos, we traced the cell lineages of the early blastomeres with a fluorescent photoconversion technique using Kaede fluorescent protein [5] .
Material and methods
Adult specimens of the Japanese purple mussel Septifer virgatus (Wiegmann, 1837) were collected in Tsuyazaki, Fukuoka Prefecture, Japan. Induction of spawning and in vitro fertilization were performed as described in [4] . The handedness of spiral cleavage was unexpectedly reversed in the eggs from Tsuyazaki individuals compared with those from Kashima described in [4] (dextral in Kashima [4] and sinistral in Tsuyazaki: this study), and we confirmed that the direction of the spiral cleavage was reversed for all cleavages up to the bilateral cleavage of 2d 1121 for all specimens examined (figure 1a-e and table 1). This polymorphism in the handedness of spiral cleavage has been reported in another bivalve species, Dreissena polymorpha [6] .
mRNA for Kaede was transcribed from a pBluescript RN3 vector [7] , and Kaede mRNA (3 mg ml
21
) was injected into fertilized eggs.
Kaede fluorescence can be irreversibly converted from green to red by irradiation with ultraviolet light. Photoconversion was performed using a confocal laser scanning microscope (CLSM, Zeiss LSM710, Germany) at 405 nm wavelength. The laser was applied until we confirmed that sufficient photoconversion was induced. Among photoconverted embryos, about 20% showed abnormal morphology at the trochophore stage and were excluded from our analysis. Swimming larvae were immobilized prior to observation by fixing with 4% paraformaldehyde and observed by CLSM. The fluorescent signal could be observed up to 10 h after fixation. It should be noted that some converted cells appeared yellowish because unconverted green rsbl.royalsocietypublishing.org Biol. Lett. 12: 20151055
Kaede protein was translated from the injected mRNA even after photoconversion. Unmerged fluorescent signals are shown in the electronic supplementary material, figure S1.
Results
To confirm that 2d blastomeres contribute shell field precursors, 2d blastomeres were photoconverted at the nine-cell stage. Following photoconversion of a 2d blastomere, the converted signal was widely detected in the dorsal region of the posttrochal epidermis ( figure 2a-c) . Importantly, all of the shell field cells were labelled (figure 2b and table 1), indicating that the shell field cells were solely derived from 2d descendants. Prior to the occurrence of bilateral cleavage, 2d blastomeres undergo four rounds of asymmetric cleavage to produce four micromeres ( figure 1a-d) . These micromeres were photoconverted after the bilateral cleavage of 2d 1121 because each blastomere is most easily identified at this stage of development. At this stage, derivatives of 2d 2 have already undergone two rounds of cell division. We photoconverted all of the derivatives of 2d 2 (figure 2j ). The converted signal was detected in the left side of both the anterior and posterior of the post-trochal epidermis in these larvae. Importantly, however, the signal was not detected in the shell field (figure 2k and table 1). When 2d 12 was photoconverted, the signal was observed on the right side of the anterior of the post-trochal epidermis, but no signal was detected in the shell field (figure 2l,m and (the left side daughter of 2d 1121 ) was photoconverted, the signal was detected not only in the shell field, but also in the surrounding epidermis (figure 2d-f ). Thus, even at this stage, the developmental outcome is not restricted to the shell field cells. Importantly, the signal was detected not only in the left side of the shell field, but also in the right side ( figure 2e and table 1) . Interestingly, the signal was biased towards the left posterior in all larvae. Similarly, when 2d 11212 (the right side daughter of 2d 1121 ) was photoconverted, the signal was observed in both the shell field and the surrounding epidermis (figure 2g-i and table 1). The signal in the shell field was biased towards the right anterior of the shell fields in all larvae. Bivalve shell fields are bilaterally separated by ligament cells that develop along the dorsal midline ( figure 1f,g, [3] ). Differentiation of the ligament cells is clearly visible by specific upregulation of the chitin synthase (cs) gene during the trochophore stage [8] . Photoconversion indicated that all of the shell field cells are derived from either 2d 11211 or 2d
11212
. Based on dpp expression noted in oyster embryos, Kin et al.
[3] suggested previously that ligament cells are derived from the descendants of 1d 12 and 2d 2 . Thus, we examined any possible contribution from the 1d cell lineage and found that 1d develops into the anterior epidermis, including the prototroch (electronic supplementary material, figure S2 , and table 1), but not into shell field. Thus, we concluded that the ligament cells are only derived from 2d 11211 and 2d 11212 .
Discussion
In this study, we found that all shell field precursors are derived from 2d 1121 , although the developmental fate of 2d 1121 is not restricted to the shell field cells alone. Importantly, the bilateral shell fields were not derived exclusively from the daughter cells of 2d 1121 of each respective side.
Instead, the derivatives of the daughter blastomeres contributed to both sides of the shell field by spreading across the midline (figures 1f,g and 2e,h). Thus, our results did not support the classical hypothesis that the bilaterally separated shell plates of bivalves are derived from bilateral descendants of 2d [1] . It is notable that descendants of the 2d blastomere also show bilateral cell division in gastropods, as well as in annelids (e.g. [9] [10] [11] [12] [13] ), and together with 4d, 2d was shown to demonstrate organizing activity in annelids [14] . So it is likely that the bilateral cell division of 2d descendants was established much earlier than the emergence of bivalves, possibly for the establishment of the bilateral body plan from the spiral cleavage [15] . The bilateral shell plates, however, might have evolved irrespective of bilateral cleavage. rsbl.royalsocietypublishing.org Biol. Lett. 12: 20151055
The innovation of ligament cells in the dorsal midline of the shell field is critical for the unique body plan of bivalves [16] ) do not differentiate into either shell field cells or ligament cells, it is still possible that dpp plays an inductive role in ligament differentiation. Functional studies of bivalve dpp may advance our understanding of the evolution of the unique bivalve body plan.
Innovation of the ligament provided mobility between the separated shell plates of bivalves, and thus it may have accompanied the evolution of adductor muscles to open and close the shells. Elucidation of the developmental mechanism of ligament cells may provide a clue to understanding how the innovation of the ligament and that of adductor muscles are linked during evolution. rsbl.royalsocietypublishing.org Biol. Lett. 12: 20151055
